The understanding of rail braking is irrevocably dependent on the tribological analysis of contacts such as the wheel/rail contact or the wheel/brake disc contact. Because it is very complex to experimentally analyze the inside of a contact, a numerical approach based on discrete element modeling was used to model a third body composed of copper and graphite, the main elements present in sintered brake materials. Simulations were analyzed by measuring several global quantities as a function of the proportion of copper and the local properties of the material to determine the extent to which local parameters influence the electrical and tribological properties of the third body. Among the results noted was the fact that a certain proportion of mixture makes it possible to achieve a balance between electrical and tribological properties.
Introduction
Improving high-speed trains requires a better control and understanding of the friction materials used in brake pads. Among the different kinds of materials (ceramic, metallic, etc.), copper-based materials are probably the most widely used in braking systems due to their good mechanical, electrical and tribological properties. In such a composite, the different components play a distinct role. The copper (Cu) matrix has good wear resistance and excellent thermal conductivity, but without specific treatment, its tribological performance is poor (surface scratches without lubrication). To overcome this tribological misbehavior, copper-based friction materials are combined with graphite (Gr), which has better tribological properties. As a result, copper/graphite (Cu/Gr) composites have a low coefficient of friction and low wear rates. The literature offers many works dedicated to the study of their properties, such as the surface condition of composites [1] , their structural characteristics [2] , the size of graphite particles, and the graphite concentration [3, 4] on the measured global friction. However, the resulting friction is not only a material property but also depends on the contact conditions (environmental velocity pressure) [5] , the mechanism that keeps the bodies in contact and the interface separating them, mainly composed of debris from the materials in contact, mixed with external elements. This interface, known as the third body [6] , plays an important role in the evolution of friction. It plays a role in the separation of contact bodies, in the transmission of normal load and in the accommodation of speed [7] . In addition, the composition of the third body can significantly modify the tribological properties of Cu/Gr composites, as illustrated by numerous research studies [8] [9] [10] [11] [12] [13] .
Although several results make it possible to estimate the influence of the third body on the tribological properties of Cu/Gr composites, they highlight that it remains complex and difficult to control due to its strong correlation with the internal properties of the materials and contact conditions. Recent works attempt to highlight the interaction of the two main components of Cu/Gr composites as well as the contributions of each component to tribological properties (friction, wear, and electrical conductance) [8] . However, even if the friction dependence on the Cu/Gr ratio has been demonstrated, the range of shear velocities used remains limited to extend the results to applications involving Cu/Gr composites subjected to lower or higher speeds. In addition, measurements of the friction factor include both the rheology of the third body and the dynamic behavior of the structure (vibration and structural damping); the in situ life of the third body layer is still a mystery because it remains difficult to determine which parts between volume and surface properties influence the macroscopic measurements. These difficulties are inherent in in situ experiments. Since contact is confined, it is almost impossible to experimentally analyze phenomena occurring in the third body without disturbing experimental measurements. Moreover, post-mortem surface analysis does not allow to analyze the entire dynamic process, and only offers a final surface state and not the complete history of a contact's life.
To overcome this lack of information, numerical simulations appear to be a good compromise to complete the experimental observations, not to replace them. By controlling the different physical parameters of the simulations, it is then possible to carry out a more systematic parametric study of the contact. It also becomes possible to decouple the effects of the first and third bodies to extend or correct the experimental results [14] . Among the different numerical frameworks, a discrete element approach [15] was chosen to represent the rheology of the third body, in which several developments [16, 17] allow simulating the multi-physical behavior of discontinuous and heterogeneous interfaces. Based on such a framework, this work studied the third body layer made of Cu/Gr composites, with a view to enriching knowledge on their rheology. The impact of global parameters such as the shear rate were studied, as well as local parameters such as Cu/Gr interactions, controlled by cohesion and friction parameters. Thus, after a presentation of the main lines of the numerical method used, the results of the digital surveys are discussed. Measurements of electrical resistance, porosity and friction are related to the composition of the layer (component ratio, friction, and cohesion) and compared to experimental results from the literature.
A Discontinuous Multi-Physical Framework
Due to its heterogeneity and discontinuity, modeling the third body layer is not an easy task. The identification and definition of a particle of a third body is still an open question today [18] , which does not allow us to define a global behavior. As a result, classical modeling tools, derived from the mechanics of continuous media, are falling apart and alternatives must be found. Since the early work of Elrod and Brewe [19] , discrete element methods (DEM) have emerged as a good way to be more representative of a third body layer [20] . However, this first kind of approach is based on an analogy between numerical and real particles, such as what is done at a more macroscopic scale to model granular media [21, 22] . However, following the previous remark concerning the definition of a third body particle, the same questions can then be asked for a numerical particle: Should it be considered rigid or deformable, in which case with which behavior law? Should it be considered as circular or with a more complex geometry, but without deformation? What is the impact of geometry on the global behavior?
Following these many questions, without any real answer yet today, the DEM philosophy is used not to associate a digital particle with a real one but to make an analogy between a set of digital particles and an elementary volume of a third body layer. In this spirit, a digital particle represents the smallest element of matter that is considered undeformable. A volume of particles can thus be deformed according to the laws of interaction between elements and the latter can then be analyzed from a mechanical point of view, but also from a thermal [23] , electrical [16] or physico-chemical [24] point of view thanks to the various improvements in DEM methods.
Among the different DEM approaches available in the literature, the NSCD approach (Non-Smooth Contact Dynamics), introduced by Moreau and Jean [25] , was used in this work. It is based on an implicit integration of the dynamic equation, coupled with a non-linear Gauss-Seidel resolution algorithm to solve the multi-contact problem, allowing the use of many interaction laws. The reader can refer to the original works for more details on the method [25] . In this numerical framework, a set of rigid circular particles is used to represent the third body layer. Interactions between elements are described by laws of cohesive unilateral contact, coupled with a Coulomb friction model [24] :
where r n and r t are the normal and tangential forces, g is the contact distance, µ is the local friction coefficient, γ is the cohesion force and d w is the attraction distance. The complementarity problem corresponding to the first equation of the system is as follows. If the distance g is greater than the attraction distance, then there is no contact and r n is zero. If g is between 0 and d w , the particles only interact through the cohesive force. In this case, r n = −γ and g > 0. When there is contact, i.e., g = 0, r n ∈ [−γ, +∞]. In both cases, the product (r n + γ)g = 0.
With such a local interaction law, similar to the Maugis-Dugdale model [26] , it is possible to confer compressive strength to the layer and thus transfer the normal load from one body to another (represented here by two rigid, rough and non-deformable walls). The friction-related part ensures shear strength. The cohesive part of the law keeps particles connected when they are close enough. This model remains a simplified version of reality but it remains sufficiently representative to propose qualitative results [14] .
To account for the electrical effects in such a discrete model, different assumptions are made. The first consists in assimilating the interaction network to a network of electrical resistances. The particles represent the nodes of the network while the interactions represent the different branches; each branch has its own electrical conductivity, depending on the properties of the connected particles but also on the intensity of the contact force. On the basis of such a network, the second hypothesis consists in building the electrical problem from the laws of Ohm and Kirshoff and solving it with an iterative algorithm such as a Gauss-Seidel algorithm [16] or a conjugated gradient [17, 27] .
The key point of the electrical model is based on the definition of local conductivity. Several local models are available in the literature [16, 28] . The used model is based on the definition proposed by Zeng [17] . For each contact, the electrical current I is given by Ohm's law:
where R represents the electrical contact resistance, which is determined by the classical model of electrical contact constriction proposed by Holm:
where ρ denotes the electrical resistivity of the material and a is the radius of the effective contact surface. Such an equation is generally valid when a <<< r (r being the radius of the particle) and the deformation of the particle remains low, which is the case with regard to the contact law used. However, for small particles under high stress (which is the case in lubrication in the presence of a third body), the contact area is more likely to deform plastically than elastically. Therefore, it is more relevant to calculate the apparent contact area a, using the formula proposed by Bowden et al. [29] :
where r n is the contact force and Y is the yield strength. This equation is valid for the apparent contact surface; the real contact surface that allows the passage of electric current being smaller [30] . Thus, at the local level, the equivalent conductance (the inverse of the resistance) between two particles is calculated by taking into account the specific conductances of each particle as well as the mechanical conductance related to the contact force. It is expressed as:
where i and j are the indices of the particles in contact and C m is the mechanical conductance. If one of the conductances is zero, C α =0 (in the case of insulating particles or when contact is lost).
Numerical Investigations

Model
To analyze the mechanical-electrical behavior of a sheared third body layer, an elementary shear cell is used. It is composed of a set of rigid circular particles representing the third body layer and two clusters of particles to delimit the system in the direction perpendicular to the shear direction. These two walls, rough and non-deformable, represent the first upper and lower bodies. A normal force is applied to the upper wall, while a speed is given to the lower one. Periodic conditions are applied in the shear direction to represent an infinite contact (cf. Figure 1 ). In the following part of this work, different parametric studies using the parameters summarized in Table 1 are presented. 
As mentioned in the Introduction, the current model was intended to be qualitative, not quantitative. The range of local parameters is wide enough to be consistent with the literature and to propose more general trends.
In addition, during shear, the evolution of different macroscopic quantities was analyzed. The first concerns the overall electrical resistance of the sample defined as the ratio between the electrical potential differential between the walls and the intensity of the current flowing through the medium (i.e., R = U/I). The macroscopic friction coefficientμ was defined as the ratio between tangential forces and normal forces. Finally, the evolution of the dynamic and static porosity ratios [17, 31] , denoted Φ * , was measured to follow the evolution of the internal texture of the sample.
Dry Frictional Mixture
First, non-cohesive mixtures were considered. Only friction effects were taken into account. The local friction of Gr/Gr and Cu/Cu were 0.05 and 0.6, respectively. Three Cu/Gr friction values were tested (0, 0.05 and 0.15) for different shear rates (0.2, 2 and 20 m/s). The electrical resistance R decreased with increasing copper proportion, from 10 −2 Ohm (for 0% Cu) to 10 −4 Ohm (for 100% Cu), i.e., two orders of magnitude of difference corresponding to the difference in conductivity of the two materials (see Table 1 ). The decrease of R was independent of the Cu/Gr friction value. Moreover, the decrease in electrical resistance was decomposed into two parts: a linear part between 0% copper and a percentage that seems to depend on the shear rate (close to 60% for 0.2 m/s and 80% for 20 m/s) and a constant part where the variations of R were not significant compared to the value at 0% copper. It can also be noted that the shear rate affected the transition point between the two phases and also resulted in an increase of R in the linear phase.
With respect to Figure 3 , it is difficult to directly correlate the decrease in the global electrical resistance to the evolution of the variation of the porosity. The evolution of Φ/Φ * did not allow distinguishing the two phases observed previously. It was almost constant for velocities equal to 0.2 and 2 m/s. For the highest shear rate (i.e., 20 m/s), an increase of Φ/Φ * was observed. This increase was more pronounced for mixtures composed of more than 50% of copper. However, this increase of porosity did not impact the global electrical resistance. Finally, as observed for the last one, the evolution of Φ/Φ * was almost independent of the Cu/Gr friction value, and this for the different shear rates.
Finally, the evolution of the macroscopic friction coefficientμ for different Cu/Gr friction was observed (cf. Figure 4) . Compared to previous global measurements, local friction has a greater impact on the evolution ofμ. When the Cu/Gr friction was equal to the Gr/Gr friction,μ had a linear evolution, varying from 0.16 to 0.3. Then, when the Cu/Gr friction decreased, a loss of linearity was observed with a non-monotonic evolution for a zero friction value for a minimum close to 40% of copper. This trend was not affected by the different shear rate values. Nevertheless, in the absence of local friction, the position of the minimum value ofμ changed and tended towards a copper percentage of approximately 30% (for a shear rate of 20 m/s). Finally, it can be noted that the increase in shear rate reduced the gap between the different curves.
Finally, for a given proportion of copper, the shear rate increased the overall values byμ, which is consistent with some results in the literature [8] . In view of the results presented above, mixtures with zero friction between the two components (i.e., Cu/Gr friction) were more sensitive than other mixtures. Such results reflect some experimental observations made in Linlin Su et al. [8, 10] , highlighting the importance of copper/graphite interaction on the overall behavior of the environment and the bodies in contact.
Cohesive Frictionless Mixture
If local friction were an important parameter, it was not of the first order on the evolution of macroscopic friction resulting from the shearing of a divided medium; the increase in local friction led to a saturation of macroscopic friction around a value close to 0.4 [32] . The use of local cohesive force allowed more important values to be measured [33] . Thus, after a study with dry mixtures (i.e., in the absence of cohesive forces), mixtures with only cohesive forces were studied.
To carry out these investigations, the value of local cohesion for Gr/Gr and Cu/Cu was set at 0.01 and 10 N, respectively, to respect the ratio between the values from the literature [8, 9] . Three Cu/Gr cohesion values were used: 1, 10 and 50 N. The first value corresponded to an intermediate value between the Gr/Gr and Cu/Cu cohesion values. The second value was equal to the Cu/Cu cohesion, while the last value was taken as five times greater than the Cu/Cu cohesion to be able to extrapolate the results. As in previous analyses, the same range of shear rates was tested (i.e., 0.2, 2 and 20 m/s).
The overall electrical resistance showed a similar evolution to that of dry media (cf. Figure 5 ): a linear part decreasing with the increase of copper and an almost constant part for values above 60% of copper. The main difference was observed for the highest shear rate and the highest cohesion value. This case shows resistance variations occurring during linear decrease. Again, this two-phase decomposition was not reflected in the evolution of the static and dynamic porosity ratio, as illustrated in Figure 6 . For the highest value of V (i.e., 20 m/s), the evolution was different. As in the case of dry materials, the high shear rate exacerbated the difference between local properties: an almost linear increase of Φ/Φ * was observed for Cu/Gr cohesion values equal to 1 and 10 N. For the highest cohesion value, Φ/Φ * increased rapidly with the increase in copper percentage, and then saturated due to the exacerbation of the local copper property by the high shear rate.
Cohesion and shear rate also had a role in the evolution of overall friction (see Figure 7 ). For the smallest shear rate values (0.2 and 2 m/s) and for a Cu/Gr cohesion equal to 1 and 10 N, µ increased with the increase in copper percentage: the higher the cohesion or velocity, the higher the friction. For cohesion values equal to 50 N,μ presented a bump-shaped evolution with a maximum value obtained for 50% copper; this maximum value ofμ also increased with the shear rate. For the higher shear rate, this dent had a plateau, ranging from 30% to 70% of copper.
Friction vs. Cohesion
To conclude the investigations on the role of the local properties of copper/graphite mixtures on their global behavior, a final series of simulations was carried out taking into account both friction and cohesion forces. This series was conducted at a speed of 2 m/s, a shear rate that does not exacerbate the local properties of the mixture, thus allowing the competition between friction and cohesion to be analyzed.
With regard to the properties of the mixture, different parameters remained constant during the simulations: Cu/Cu interactions had a friction of 0.6 and a cohesion of 10 N, while Gr/Gr interactions had a friction of 0.05 and a cohesion of 0.01 N. With this set of parameters, a parametric study was performed for different values of Cu/Gr interactions: 0, 0.05 and 0.15 for friction, and 0, 1 and 10 N for cohesion. The same average values as in the previous sections were analyzed. Figure 8 shows the evolution of the overall electrical resistance for the different friction/cohesion pairs. As observed previously, the resistance R decreased naturally with the proportion of copper, from 10 −2 Ohm (for 0% Cu) to 10 −4 Ohm (for 100% Cu) and was independent of the value of the friction Cu/Gr. Within the range of values considered, the differences were negligible. Local properties did not affect macroscopic electrical measurements, which appeared to be more dependent on the applied load.
The effect of local properties combining cohesion and friction was a little more visible on the evolution of the static and dynamic porosity ratio (see Figure 9) .
When local cohesion and friction for Cu/Gr interaction were higher, porosity naturally increased with increasing copper percentage. For 50% of copper, the difference between the different friction values increased with increasing cohesion. However, these differences were very small, with the difference between static and dynamic porosities not exceeding 5%. Finally, the evolution of the overall friction for the different friction and cohesion values Cu/Gr is presented in Figure 10 . The effect of local properties was higher than for porosity or electrical resistance measurements. As with the porosity ratio,μ naturally increased with the increase in copper percentage. When Cu/Gr friction was high, the increase ofμ was greater. When the Cu/Gr cohesion increased (in the ranges considered), the evolution of the overall friction was affected in particular for the highest local friction value. When cohesion was equal to 0 or 1 N, the general trend ofμ was the same. However, for the strongest cohesion (i.e., 10 N), the curvature ofμ changed.
If the Cu/Gr friction was zero, the gradient at the origin was almost zero. When friction increased, the gradient also increased, giving theμ evolution different paces. This underlines the fact that it is important to identify local properties to best describe the interface behavior. Due to the relationship between friction and cohesion, small variations can lead to major differences.
Discussion
The various results presented above show that, depending on the global stresses (represented here by different shear rates), the local properties of the mixtures could influence the macroscopic measures.
Before any discussion, it is important to specify that all previous results are correlated to the properties of the material and not to any possible changes in the microstructure of the medium. As shown in Figure 11 , which illustrates the final state obtained with samples composed of 50% copper for different shear rates, the shear rate did not affect the distribution of particles in the medium. This observation is valid for the different cases previously studied (simulations with or without cohesion, and with or without friction). For example, as shown in Figure 12 , there was no variation between the initial and final copper density profile as a function of sample thickness for different shear rates (thickness normalized here by the average diameter). From the measurements presented in the previous sections, several observations can be made. First, the overall electrical resistance did not depend on the local properties of the mixture but on its composition. The evolutions that can occur inside a third body layer seemed to be of a second order with regard to the electrical properties of the different components of the mixture. The transition from linear decay to plateau was only affected by the shear rate, emphasizing once again that global stresses prevail over local properties in terms of electrical resistance.
Secondly, in terms of porosity evolution, the shear rate exacerbated the role of the local properties of the mixture. If for low shear rates, the evolution of porosity seemed to be independent of the copper percentage, which was no longer the case for a high shear rate. During the mixing of the different components, the high cohesion and friction values did not allow the medium to return to a dense state. However, even if porosities were created locally, it did not affect resistance, probably due to the containment pressure.
Finally, it seemed that the evolution of macroscopic friction was the most dependent on local properties. Depending on the composition of the mixture, the overall friction increased, from a friction value corresponding to pure graphite to a value corresponding to pure copper. This evolution remained very sensitive to the values of interactions between copper and graphite. When these values were equal to zero, the friction evolution was not monotonous with a decrease to a value of 40% of copper and then an increase. Such behavior disappeared with an increase in local cohesion but also with an increase in the shear rate.
In the absence of cohesion (powdery media), the evolution of the overall friction presented a bell whose maximum value was not necessarily reached for a medium composed solely of copper. When the interphase friction was greater than the interphase friction, the maximum value was reached for a copper mixture of 50%.
When considering a cohesive mixture (with or without taking into account the friction between elements), the previous behavior disappeared. The behavior obtained was similar to that observed in the literature [8] . The function corresponding to the results presented in the previous sections was close to a power function (rather than a polynomial of degree 3 or an exponential function [8] ). According to local cohesion and friction values, the evolution of the global friction is described by:
where α and β are two parameters that depend on the properties of the sample. In a first analysis, it seemed that these two parameters decreased when local cohesion and friction increased (for example, (α, β) = (7 × 10 −8 , 3.3) when µ = 0 and γ = 0 and (α, β) = (6 × 10 −3 , 0.86) when µ = 0.15 and γ = 10).
A more complete parametric study should make it possible to adjust α and β to local parameters. To complete the discussion, the previous results were compared with the experimental results obtained in the literature. Figure 13 compares the evolution of macroscopic friction presented in Section 3.4 and the work of Su et al. [8] and Kovacik et al. [4] . [8] studied the influence of a artificial third body made of Cu/Gr powder in a contact between a Cu/Gr composite (60% copper and 15% graphite and additional elements) and a rotating disc. Kovacik et al. [4] studied the tribological behavior of different Cu/Gr composites with different compositions. Therefore, it is natural for the experimental results to have different curves. As far as numerical simulations are concerned, they are therefore more representative of experimental powder-based work than the latter focused on composites.
However, it can be noted that, for 100% copper, the friction value of the Su et al. results and the numerical results are identical. Thus, to try to match the experimental results obtained by Su et al. [8] , a new set of simulations was performed (see S-fit in Figure 13) . The values of the Cu/Cu interactions gave a good correspondence, and new cohesion values were given to the Gr/Gr and Gr/Cu interactions (with γ equal to 1 N and 7 N, respectively) . The new dataset then shows a perfect match between the experimental results and the numerical results.
Once the model was calibrated (in terms of material properties), the boundary conditions of the Kovacik experimental set-up were applied to the new digital sample and the results obtained are represented in Figure 13 by the K − f it curve. However, there was no correspondence between the experimental results and the numerical results. This is mainly due to the fact that, as mentioned above, the experimental and digital systems were different: a sintered composite and a two-phase powder. However, there were similarities between the two sets of data. Firstly, friction increased with the percentage of copper in the system. Secondly, in both cases, the minimum and maximum friction values were very close.
Finally, it can also be noted that the experimental results show a plateau for copper percentage values below 80%. Therefore, one possible scenario that could explain these differences is as follows. The experimentally generated third body layer did not a priori have the same composition as the sintered material. The latter was probably composed of a higher percentage of graphite, which would tend to delay the results of the experimental curve. Indeed, it should be recalled that the results of Kovacik et al. [4] are represented not in terms of percentage of copper in the third body, but in terms of percentage of copper in the volume. Therefore, it would be interesting to analyze experimental surface states to confirm or refute this scenario in order to complete this study.
Conclusions
Numerical studies of a heterogeneous third body layer were carried out and analyzed from a mechanical and electrical point of view. The various results show that the creation of such an interface has a significant impact on its electrical and mechanical properties. In addition, depending on the external stresses (shear rate and containment pressure), different behaviors can be observed. The analysis of the evolution of the global resistance, friction and porosity allows us to understand the influence of the proportion of copper and local parameters. Cohesion influences electrical conduction more than friction; a critical proportion of copper is required to maximize this conduction. It would be interesting to refine the comparison with more experimental results to determine the most favorable local Cu-Gr parameters. Finally, a comparison was made between numerical and experimental results, providing an explanation of the similarities and differences between the experimental results obtained in the literature and the numerical results presented. It underlines the fact that the third body layer may have a completely different behavior and constitution from those of the first bodies and that its characterization remains important for analyzing a tribological problem.
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